Based on the findings that the overexpression of the wildtype Ga 12 (Ga 12 WT) result in the oncogenic transformation of NIH3T3 cells in a serum-dependent manner, a model system has been established in which the mitogenic and subsequent cell transformation pathways activated by Ga 12 can be turned on or off by the addition or removal of serum. Using this model system, our previous studies have shown that the stimulation of Ga 12 WT or the expression of an activated mutant of Ga 12 (Ga 12 QL) leads to increased cell proliferation and subsequent oncogenic transformation of NIH3T3 cells, as well as persistent activation of Jun N-terminal kinases (JNKs). In the present studies, we show that the stimulation of Ga 12 WT or the expression of Ga 12 QL results in a potent inhibition of p38MAPK, and that the mechanism by which Ga 12 inhibits p38MAPK activity involves the dual specificity kinases upstream of p38MAPK. The results indicate that Ga 12 attenuates the activation of MKK3 and MKK4, which are known to stimulate only p38MAPK or p38MAPK and JNK, respectively. The results also suggest that Ga 12 activates JNKs specifically through the stimulation of the JNK-specific upstream kinase MKK7. These findings demonstrate for the first time that Ga 12 differentially regulates JNK and p38MAPK by specifically activating MKK7, while inhibiting MKK3 and MKK4 in NIH3T3 cells. Since the stimulation of p38MAPK is often associated with apoptotic responses, our findings suggest that Ga 12 stimulates cell proliferation and neoplastic transformation of NIH3T3 cells by attenuating p38MAPK-associated apoptotic responses, while activating the mitogenic responses through the stimulation of ERK-and JNK-mediated signaling pathways.
Introduction
The G 12 family of G proteins, defined by Ga 12 and Ga 13 , is critically involved in the regulation of cell proliferation, differentiation, and apoptosis (Dhanasekaran and Dermott, 1996; Radhika and Dhanasekaran, 2001) . Ga 12 has also been identified as the causative oncogene in soft tissue sarcomas (Chan et al., 1993) . Studies from different laboratories, including ours, have demonstrated the ability of GTPase-deficient Ga 12 (Ga 12 Q229L or Ga 12 QL) to activate mitogenic pathways leading to the transformed phenotypes of different fibroblast cell lines (Jiang et al., 1993; Xu et al., 1993; Vara Prasad et al., 1994; Voyno-Yasenetskaya et al., 1994) . Analyses of signaling pathways mediated by Ga 12 have identified that the activation of Jun N-terminal kinase (JNK) as well as extracellular-signal regulated kinases (ERK) are involved in Ga 12 -mediated cell proliferation and oncogenic transformation (Vara Prasad et al., 1995 Collins et al., 1996; Mitsui et al., 1997) .
Critical signaling pathways involved in cell proliferation, differentiation, and apoptosis are regulated by sequentially phosphorylating kinase modules (Dhanasekaran and Reddy, 1998; Weston et al., 2002) . Of the seven distinct modules that have been identified to date, the kinase modules culminating in the activation of MAP kinases, ERK1 and ERK2, are well characterized. Mitogenic growth factors such as EGF, bFGF, and PDGF activate ERK 1/2 through the small GTPase Ras via the Ser/Thr-specific MAP kinase kinase kinase (MKKK) Raf and the dual specificity Map Kinase Kinase, MEK1/2. In a similar manner, the small GTPase Rac and/or CDC42 activate JNKs through an alternate member of the MKKK superfamily (that includes MEKK1, MEKK4, MLK2, ASK1, TAK1, and TPL1) and the dual specificity kinases MKK4 or MKK7 (Dhanasekaran and Reddy, 1998) . A subset of this signaling pathway involving Rac/CDC42, a specific MKKK (MTK1, MLK3, ASK1, TAK1, or TPL1), along with MKK3 or MKK6 is used in the activation of p38MAPK (Dhanasekaran and Reddy, 1998) . In response to a wide variety of cytotoxic or genotoxic stress stimuli, cells often costimulate JNK and p38MAPK through the activation of the permissive dual specificity kinase MKK4 (Derijard et al., 1995; Raingeaud et al., 1995 Raingeaud et al., , 1996 Dhanasekaran and Reddy, 1998; Weston et al., 2002) . However, cells can be selective in the activation of either JNK or p38MAPK through the activation of JNK-specific MKK7 or p38MAPK-specific MKK3/6. In light of the recent observations that the costimulation and the differential activation of these kinases can have a critical bearing on cell proliferation and apoptosis, we sought to examine the role and mechanism of regulation of these kinases in the neoplastic transformation pathway activated by Ga 12 .
Our previous studies have shown that the stimulation of the wild-type Ga 12 (Ga 12 -WT) or the expression of Ga 12 QL results in the robust activation of JNK (Dermott and Dhanasekaran, 2002) . In the present study, we describe for the first time that the stimulation of Ga 12 WT or the expression of Ga 12 QL leads to the inhibition of p38MAPK. Further analyses indicate that Ga 12 differentially regulates JNK and p38MAPK by modulating the activities of specific upstream kinases. Our results indicate that Ga 12 mediates such differential regulation by activating the JNK-specific MAPKK, MKK7, while inhibiting the activities of MKK3, MKK4, and MKK6, which are activators of p38MAPK. The possible role of such differential regulation of p38MAPK and JNK in NIH3T3 cell proliferation and neoplastic transformation is discussed.
Results

Activation of Ga 12 results in the attenuation of p38MAPK
To investigate the mechanism by which Ga 12 regulates cell proliferation and transformation in NIH3T3 cells through proline-directed protein kinase modules, we sought to utilize the recently established model system in which Ga 12 -mediated cell transformation can be experimentally induced or reversed by the addition or removal of serum in the growth medium (Dermott and Dhanasekaran, 2002) . In these cells, activation of Ga 12 WT is controlled by the addition of serum presumably through the activation of a yet-to-be-characterized Ga 12 WTcoupled receptor that gets stimulated by a ligand in the serum. Our previous studies using this model system have shown that serum stimulation of NIH3T3 cells expressing Ga 12 WT (Ga 12 WT-NIH3T3) resulted in a rapid and persistent activation of JNKs preceding the observed increase in cell proliferation (Dermott and Dhanasekaran, 2002) . In the present study, we focused on defining the activation profile of p38MAPK in Ga 12 WT-NIH3T3 cells. Serum-deprived pcDNA3-vector control NIH3T3 cells (pcDNA3-NIH3T3) and Ga 12 WT-NIH3T3 cells were stimulated with 5% calf serum for 5 min. As shown in Figure 1 , immunoblotting with antibodies raised against phosphorylatedp38MAPK indicated that the levels of phosphorylated p38MAPK increased by 5 min of serum stimulation in pcDNA3-NIH3T3 control cells, whereas the stimulation of Ga 12 WT-NIH3T3 cells with 5% calf serum failed to activate p38MAPK (Figure 1a) .
To analyse further whether Ga 12 activation could result in blunting of p38MAPK activity in response to cellular stress stimuli, pcDNA3-and Ga 12 WT-NIH3T3 cells were subjected to hyperosmotic shock or exposure to UV light (known activators of p38MAPK). In vector control cells, the p38MAPK activity was greatly stimulated following serum stimulation, osmotic stress, or UV exposure as indicated by the increased levels of phosphorylated p38MAPK. On the contrary, cells expressing Ga 12 WT showed a greatly diminished p38MAPK activity in response to all these stimuli. (Figure 1b) . Although there is an increase in the expression levels of p38MAPK upon osmotic stress or UV exposure (possibly due to stabilization of the p38MAPK protein), this increase is similar in both cell types (Figure 1b) .
Similar to Ga 12 WT-NIH3T3 cells, NIH3T3 cells expressing the GTPase-deficient activated mutants of Ga 12 (Ga 12 QL-NIH3T3) also showed little or no activation of p38MAPK when stimulated with 5% calf serum (Figure 2 ). Taken together, these results suggest that the stimulation of Ga 12 , either by mutation or by ligand, potently inhibits the activation of the p38MAPK pathway. Figure 1 Ga 12 attenuates the activation of p38MAPK. Lysates were prepared from NIH3T3 cells expressing vector (pcDNA3) or Ga 12 WT (Ga 12 WT) that were treated with 5% calf serum at varying time points, a hyperosmolar solution (300 mm NaCl), or UV light (40 J/m 2 ) according to the procedures described under Materials and methods. Lysate proteins (100 mg each), separated by 9% SDS-PAGE were transferred onto a PVDF membrane, and subjected to immunoblot analysis using antibodies raised against phosphorylated p38MAPK (p-P38MAPK) to determine the activation of p38MAPK upon stimulation with 5% calf serum for different lengths of time (a, upper panel). The blot was stripped and reprobed with antibodies raised against p38MAPK (p38MAPK) to monitor the expression levels (a, lower panel). Similar immunoblot analyses carried out with 5% calf serum (5 min), hyperosmolar shock, or UV light (b). Lysates from pcDNA3-and Ga 12 WT-NIH3T3 cells (100 mg each) were subjected to immunoblot analysis with antibodies raised against the Cterminus of Ga 12 to monitor the expression levels of Ga 12 WT (c)
Activation of Ga 12 inhibits the stimulation of MKK3 by UV
To determine the signaling locus at which Ga 12 exerts its inhibitory effect on p38MAPK kinase cascade, the phosphorylation states of the dual specificity kinases upstream of p38MAPK were examined. The specific upstream kinases that stimulate only p38MAPK are MKK3 and MKK6 (Derijard et al., 1995; Raingeaud et al., 1996) . Since MKK6 is poorly expressed in NIH3T3 cells (Figure 3c ), the activation profile of MKK3 in Ga 12 WT-NIH3T3 can be monitored using the commercially available antibodies. The activation profile of MKK3 in pcDNA3-and Ga 12 WT-NIH3T3 cells in response to 5% calf serum, hyperosmotic shock, or UV exposure was monitored. Exposure to these stimuli resulted in the activation of MKK3 in pcDNA3-NIH3T3 cells. Although the extent of MKK3 activation was different for each of these stimuli, the activation of MKK3 to all these stimuli was greatly reduced in Ga 12 WT-NIH3T3 cells (Figure 3a ). Densitometric analyses of these results indicated that the expression of Ga 12 WT attenuated MKK3 response by 70% compared to the vector control cells. Immunoblot analysis of lysates isolated from these cells also showed that the expression levels of MKK3 ( Figure 3b ) were unchanged in both the control and Ga 12 WT cells.
Activation of Ga 12 inhibits the stimulation of MKK4
In addition to MKK3 and MKK6, which recognize only p38MAPK as a substrate, MKK4 can recognize both p38MAPK and JNK as substrates (Derijard et al., 1995; Raingeaud et al., 1996) . Therefore, it was of interest to determine whether Ga 12 -mediated inhibition of p38MAPK involves the inhibition of MKK4. To investigate, pcDNA3-and Ga 12 WT-NIH3T3 cells were serum starved for 24 h and stimulated with 5% calf serum for 5 min followed by a hyperosmotic shock or UV irradiation. Immunoblot analysis with antibodies that recognize only the phosphorylated form of MKK4 indicated that while there was no increase in levels of phosphorylated MKK4 in either cell type in response to serum, the 44-kDa isoform of MKK4 was phosphorylated and activated in response to osmotic shock or UV irradiation in pcDNA3-NIH3T3 cells (Figure 4a ). In marked contrast, there was no detectable MKK4 phosphorylation in Ga 12 WT cells in response to either Figure 2 Activated mutant of Ga 12 attenuates the p38MAPK-response. NIH3T3 cells stably expressing the pcDNA3 vector or activated mutant of Ga 12 (Ga 12 Q229L or Ga 12 QL) were split (4 Â 10 5 cells per 60-mm culture dish) and allowed to grow for 24 h after which the cells were serum starved for 24 h. At 24 h following serum starvation, cells were stimulated with 5% CS for 0 and 5 min. Lysates were prepared from these cells as described under Materials and methods. Lysate proteins (100 mg each), separated by 9% SDS-PAGE, were transferred onto a PVDF membrane and subjected to immunoblot analysis using antibodies raised against phosphorylated p38MAPK (a). To monitor the expression levels of p38MAPK in these cells, the blot was stripped and reprobed with antibodies raised against p38MAPK (b). Lysates from pcDNA3-and Ga 12 QL-NIH3T3 cells (100 mg each) were subjected to immunoblot analysis with antibodies raised against the C-terminus of Ga 12 to monitor the expression levels of Ga 12 QL (c) Figure 3 Ga 12 expression blunts MKK3 response. Lysates were prepared from pcDNA3-and Ga 12 WT-NIH3T3 cells treated with 5% CS (5 min), a hyperosmolar solution (300 mm NaCl) or UV light (40 J/ m 2 ). Lysate proteins (100 mg each), separated by 9% SDS-PAGE, were transferred onto a PVDF membrane, and subjected to immunoblot analysis using antibodies that can recognize the phosphorylated active forms of both MKK3 and MKK6 (a) to monitor p38MAPK-activation profiles. The blot was stripped and reprobed with antibodies raised against MKK3 (b) or MKK6 (c) to determine the expression levels of each of these kinases Figure 4 Ga 12 expression attenuates MKK4 response. Lysates prepared from pcDNA3 vector control and Ga 12 WT-expressing NIH3T3 that were treated with 5% calf serum (5 min), hyperosmolar shock (300 mm NaCl), or UV light (40 J/m 2 ) were subjected to immunoblot analysis using antibodies that can recognize the phosphorylated active form of MKK4 (a) to define the activation pattern of MKK4. The blot was stripped and reprobed with antibodies raised against MKK4 to determine the expression levels of MKK4 (b) of these cellular stress stimuli (Figure 4a ). Reprobing the blots with MKK4 antibodies indicated that the expression levels of both the 41 and 44 kDa (alternatively spliced) isoforms of MKK4 (Derijard et al., 1995) remained unchanged in both the cell types (Figure 4b ). It should be noted here that the observed weak stimulation of MKK4 in response to osmotic stress is consistent with the previous findings of Yang et al. (1997) , suggesting that MKK4 is stimulated rather weakly be hyperosmotic stress.
Ga 12 stimulates JNK via MKK7
The results presented thus far suggests that Ga 12 inhibits p38MAPK activity by attenuating the activities of MKK3 and -more potently of -MKK4. As Ga 12 drastically stimulates JNK in many different cell types, the observed results would mean that Ga 12 activates JNK independent of MKK4. Since JNK can be activated by both MKK4 and MKK7 and our results point out that Ga 12 inhibits MKK4, we investigated whether Ga 12 stimulates JNK through MKK7. To determine the role of MKK7, we examined the ability of the dominant-negative, competitively inhibitory mutant of MKK7 to inhibit Ga 12 -mediated stimulation of JNK in Ga 12 QL-NIH3T3 cells. As shown in Figure 5 , the coexpression of kinase-deficient mutant of MKK7 inhibited Ga 12 QL-mediated activation of JNK, suggesting that Ga 12 -activation of JNK requires a functional MKK7 (Figure 5a ).
To confirm further that Ga 12 stimulates JNK via MKK7, an immunocomplex kinase assay using immunoprecipitated MKK7 was performed using JNK1 as substrate. Lysates were isolated from serum-starved vector control and Ga 12 WT-NIH3T3 cells that were either treated with 5% calf serum for 5 min or left untreated. MKK7 from the lysates were inmmunoprecipitated and a kinase assay was performed using JNK1, which was immunoprecipitated from control cells, as a substrate. The results indicate that in serum-stimulated Ga 12 WT-NIH3T3 cells, MKK7 is potently activated leading to the phosphorylation of JNK1 (Figure 5b ) compared to similarly treated vector control pcDNA3-NIH3T3 cells. The levels of MKK7 activity seen in Ga 12 WT-NIH3T3 cells was more robust than the activity seen in response to UV exposure, used here as a positive control. Taken together, these results indicate that Ga 12 activation of JNK is, in fact, through the activation of MKK7.
Discussion
Our results presented here suggest a novel mechanism through which multiple signaling inputs from Ga 12 can be channeled towards cell proliferation and neoplastic transformation. While Ga 12 stimulation of the JNKsignaling pathway is observed in many different cell types, the role of JNKs in Ga 12 -mediated cell proliferation is far from clear. In addition, the observation that Ga 12 induces apoptosis via the JNK pathway in some cell types make it rather difficult to ascertain the role of JNK in Ga 12 -mediated cell proliferation. However, it has been shown that the mitogenic pathway regulated by Ga 12 require both JNK and ERK (Mitsui et al., 1997) . The common viewpoint from several recent studies including ours is that the small GTPases Ras, Rac, and Rho as well as their downstream signaling modules actively cooperate in Ga 12 -mediated neoplastic transformation of NIH3T3 cells. Ga 12 has also been shown to interact with several other novel signaling proteins including b-catenin (Meigs et al., 2001) , suggesting that the signal networking coordinated by Ga 12 towards cell proliferation can be quite extensive. However, which of these signaling factors are causative as opposed to the resultant of neoplastic transformation is far from clear. In this context, the Ga 12 WT-based NIH3T3 cell system -in which neoplastic transformation of these cells can be reversibly regulated -should prove useful to define the temporal signaling events involved in Ga 12 -mediated neoplastic transformation of NIH3T3 cells (Dermott and Dhanasekaran, 2002) . Using this system, we demonstrate here that the earliest signaling inputs from Ga 12 involve the activation of the JNK pathway along 6 cells per 100-mm culture dish and allowed to grow for 24 h. These cells were transfected with pCS3 þ MT vector containing a cDNA insert of Myc-epitope tagged kinase-activity deficient mutant of MKK7 along with the empty-vector controls using Lipofectamine Plus reagent. Cell lysates were prepared from these transfectants at 48 h post transfections and lysates were assayed for solid phase Jun-kinase assay using GST-c-Jun (1-79) as a substrate. The phosphorylated GST-c-Jun was separated by SDS-PAGE, and an autoradiogram was developed. To verify the expression of Myc-KM-MKK7, lysates from these cells were fractionated by 10% SDS-PAGE, transferred onto a PVDF membrane, and an Immunoblot was developed using antibodies to c-Myc. (b) NIH3T3 cells expressing pcDNA3 vector or Ga 12 QL were plated at the concentration of 1.5 Â 10 6 cells per 100-mm culture dish and allowed to grow for 24 h after which the cells were serum starved for 24 h. At 24 h following serum starvation, cells were stimulated with 5% CS for 5 min. Cell lysates were prepared and MKK7 was immunoprecipitated from pcDNA3-NIH3T3 or Ga 12 WT-NIH3T3 (Ga 12 WT) and an immunecomplex kinase was carried out using immunoprecipitated JNK1 as a substrate according to the procedures described under Materials and methods and previous studies (Dhanasekaran and Reddy, 1998) . The phosphorylated JNK1 was resolved on SDS-PAGE and an autoradiogram was developed. Lysates from UVtreated NIH3T3 cells were also subjected to similar assay procedures for comparison with a concomitant and acute attenuation of the p38MAPK-pathway.
The observation that Ga 12 potently inhibits p38MAPK is of critical significance here since it may have vast implications. Inhibition of p38MAPK is often associated with a reduction in cellular apoptotic responses. In fetal neurons, insulin has been shown to inhibit apoptosis by attenuating the activities of p38MAPKs (Heidenreich and Kummer, 1996) . It has also been observed that apoptosis induced by serum deprivation in Rat1a fibroblasts or in PC12 cells can be reversed by inhibiting p38MAPK by insulin or the p38MAPK inhibitor PD169316 treatment (Kummer et al., 1997) . In this context, it is interesting to note here that Ga 12 blunts the activities of MKK3 and MKK4, both of which recognize p38MAPK as a substrate. Thus, Ga 12 appears to block decisively all the possible signaling routes that lead to the activation of proapoptotic p38MAPK. Subsequent reduction in apoptotic responses can presumably act in concert with the growth-promoting signaling events regulated by Ga 12 , thereby facilitating the cells towards rapid proliferation and neoplastic transformation.
How does Ga 12 attenuate p38MAPK response? Based on preliminary evidence, one can envisage at least two possible mechanisms namely, (1) inhibition of p38MAPK-specific MKKs through the activation of a specific phosphatase or (2) interaction with a specific regulatory or scaffolding protein that distinctly couples Ga 12 to the MKK7-JNK module while attenuating the MKK3/4-p38MAPK module. It is interesting to note here that there is precedence for Ga 12 inhibiting a distinct MKK possibly through a phosphatase. It has been observed that the transient expression of Ga 12 QL in COS-7 cells results in inhibition of the activity of MEK1 (MKK1) in response to EGF (Voyno-Yasenetskaya et al., 1996) . Based on the observation that the expression of Ga 12 QL also inhibits the activity of an activated mutant of MEK1, it has been suggested that Ga 12 exerts its inhibitory effect on MEK1 through a specific phosphatase such as MKP1 (Voyno-Yasenetskaya et al., 1996) . Therefore, the observed Ga 12 -inhibition of MKK3/4 is likely to be a variation of a common theme in which a distinct phosphatase could downregulate the activities of the respective MKKs. In fact, our preliminary studies indicating that the expression of Ga 12 QL increases the phosphatase activity in NIH3T3 cells also support such view (Ha and Dhanasekaran, unpublished observation). The observations that Ga 12 interacts with a specific Ser/Thr phosphatase, protein phosphatase-5 (Yamaguchi et al., 2002) , and MKK4 activity can be specifically regulated by PP2A (Avdi et al., 2002) add more credence to this hypothesis.
In this context, it should be noted that the hyperosmotic shock induces p38MAPK phosphorylation with only a small increase in the phosphorylation of MKK3. Although the mechanism behind this is not clear, this could be due to signal amplification downstream of MKKs, suggesting that a small increment in MKK3 activation is enough and sufficient for the activation of its downstream targets. It is also possible that the activation of MKK3 may be dynamic with concomitant increase in a specific phosphatase that downregulates its activity.
Our observation that Ga 12 specifically stimulates JNK via the JNK-specific MKK7 suggests the critical requirement of JNK responses in the Ga 12 -mediated proliferative pathway. Taken together with the observation that Ga 12 QL stimulates ERK-activity by 1.5-fold in NIH3T3 (Mitsui et al., 1997) , it can be reasoned that the activities of both ERK and JNK are critically required for the mitogenic activity of Ga 12 . However, overexpression of JNK1 in NIH3T3 cells -to mimic such a ERK-JNK paradigm -does not stimulate the proliferation of NIH3T3 cells (Prasad and Dhanasekaran, unpublished results) . These findings suggest that additional signaling inputs -other than JNK and ERK -are required from Ga 12 to drive the cells towards proliferation and neoplastic transformation. In this context, it is likely that the downregulation of p38MAPK is one of such additional signaling inputs through which Ga 12 commits the cells to proliferation. In order to regulate JNK and p38MAPK in an opposing way, Ga 12 stimulate JNK-specific MKK7 while inhibiting all the other MKKs that can recognize p38-MAPK as a substrate. Previous studies have shown that the dual specificity kinases MKK4 and MKK7 activate JNK by phosphorylating two different amino-acid residues. MKK4 has been shown to preferentially phosphorylate Tyr185, whereas MKK7 phosphorylates Thr187 of JNK1 (Fleming et al., 2000) . It has been proposed that both MKK4 and MKK7 are required for the maximal activation of JNK1 (Yang et al., 1997; Lawler et al., 1998; Lisnock et al., 2000) . Based on our studies presented here, it is likely that the Ga 12 -mediated response requires only a partial activation of JNK from the MKK7 signaling node. It is likely that such partial activation of JNK along with other signaling inputs from the activation of ERK module and attenuation of p38MAPK module are prerequisites for Ga 12 -mediated cell proliferation leading to the neoplastic transformation of NIH3T3 cells. Further studies should identify the precise mechanism(s) by which Ga 12 specifically and distinctly modulates MKK3/4/6/7 activities and their downstream targets.
Materials and methods
Plasmids, cell culture, and transfections NIH3T3 cells were maintained by serial passage in Dulbecco's modified Eagle's medium (DMEM, Invitrogen Life technologies, Inc., Carlsbad, CA, USA) containing 5% calf serum (Invitrogen Life technologies), 50 U/ml penicillin, and 50 mg/ml streptomycin at 371C in a 5% CO2 incubator. Serum deprivation of NIH3T3 cells was performed by incubation for 24 h in DMEM supplemented with 10 mm HEPES (pH 7.4) and 0.2% BSA. The plasmids pcDNA3-a 12 Q229L, pcDNA3-KM-MKK4, and pcDNA3-KM-MKK7 as well as the cell lines pcDNA3-NIH3T3, Ga 12 WT-NIH3T3, and Ga 12 Q229L-NIH3T3 have been described previously (Vara Prasad et al., 1995, Dermott and Dhanasekaran, 2002) . PCS þ MT-KM-MKK7 was a kind gift from Dr Lynn Heasley, University of Colorado Health Sciences Center, Denver. Plasmids were purified using a cesium chloride gradient. Stable and transient expression of Ga 12 WT or Ga 12 QL in NIH3T3 cells was carried out using calcium phosphate transfection methods that have been described previously (Vara Prasad et al., 1994; Dermott and Dhanasekaran, 2002) .
For serum stimulation of vector control and Ga 12 WT-NIH3T3 cells, either 4 Â 10 5 cells (60 mm tissue culture plate) or 1 Â 10 6 cells (100 mm tissue culture plate) were plated and allowed to grow for 24 h. At this point, the cells were serum starved for 24 h and then subjected to serum stimulation for different lengths of time. For experiments involving hyperosmotic shock, cells were stimulated for 5 min with 5% calf serum and then washed twice with room temperature PBS (pH 7.4), after which the cells were incubated at 301C in PBS (pH 7.4) supplemented with 300 mm sodium chloride. After 15 min, the hyperosmotic solution was removed and the cells were lysed as described below. For UV light treatment of Ga 12 WT and control cells, after 5 min stimulation with 5% calf serum, the cells were treated with 40 J/m 2 followed by incubation at 371C for 15 min. The cells were then washed and lysed as described below.
Immunoblot analysis
Control pcDNA3-and Ga 12 WT-NIH3T3 control cells were washed three times with cold PBS (pH 7.4) and lysed in 100-200 ml RIPA buffer containing PBS (pH 7.4), 1% nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mm EDTA, 50 mm sodium fluoride, 1 mm PMSF, 1 mm AEBSF, 2 mm benzamidine, 0.2 mm sodium vanadate, 2 mg/ml leupeptin, 4 mg/ml aprotinin, and 0.1% b-mercaptoethanol. Protein lysate (100 mg) was then separated by 9% SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA) in 10 mm CAPS (pH 11.0) buffer containing 20% methanol. The membranes were probed with antibodies specific for the phosphorylated forms of p38MAPK, MKK3/6, and MKK4 (antibody 9211, 9231, and 9151, respectively, from Cell Signaling Technology, Beverly, MA, USA) as well as with antibodies specific for MKK3, MKK4, MKK6, c-Myc (antibodies sc-827, sc-961, sc-837, sc-1991, sc-40 respectively, Santa Cruz Biotechnology, Inc.) , and p38MAPK (a generous gift from Gary Johnson, National Jewish Center). Expression levels of Ga 12 WT and Ga 12 QL were monitored using rabbit polyclonal antibodies (AS1-87-2) raised against the C-terminus of Ga 12 . The immunoblots were developed with horseradish peroxidaseconjugated anti-rabbit and anti-goat antibodies using Western Lightning Chemiluminescence Reagent Plus (Perkin-Elmer Life Sciences, Boston, MA, USA). Chemiluminescence was detected by exposing the blots to Kodak Scientific Imaging film (Eastman Kodak, Rochester, NY, USA) for times ranging from 5 s to 15 min.
MKK7 immunecomplex kinase assay
Ga 12 WT-and control pcDNA3-NIH3T3 cells were lysed with 200 ml kinase lysis buffer containing 20 mm HEPES (pH 7.4), 50 mm b-glycerophosphate, 0.5% Triton X-100, 2 mm MgCl 2 , 1 mm EGTA, 1 mm dithiothreitol, 2 mg/ml leupeptin, 4 mg/ml aprotinin, 100 mm PMSF, and 1 mm benzamidine. MKK7 was immunoprecipitated by incubating 100 mg of protein lysate with 1 mg anti-MKK7 polyclonal antibody (antibody sc-7104, Santa Cruz Biotechnology, Inc.) for 1 h followed by an additional incubation with 20 ml of protein A-Sepharose (Amersham Biosciences Corp., Piscataway, NJ, USA) for 1 h. The immune complex-bound protein A-Sepharose beads were washed three times with lysis buffer. The substrate for the MKK7 kinase reaction was JNK1 immunoprecipitated from serum-deprived control NIH3T3 cells. JNK1 was immunoprecipitated and washed exactly as described above using 1 mg anti-JNK1 polyclonal antibody (antibody sc-474, Santa Cruz Biotechnology, Inc.). The two immune complexes were combined and washed once with kinase reaction buffer containing 20 mm HEPES (pH 7.4), 50 mm b-glycerophosphate, 10 mm MgCl 2 , 1mm EGTA, and 0.2 mm sodium vanadate. The kinase reaction was carried out by resuspending the beads in 40 ml of kinase reaction buffer containing 20 mm [g-32 P]ATP (5000 c.p.m./pmol) and incubating at 301C for 30 min. The reaction was stopped by the addition of Laemmli's sample buffer followed by boiling the sample for 3 min. The proteins were resolved by 12% SDS-PAGE, the gel was dried, and an autoradiogram was developed.
Abbreviations G protein, guanine nucleotide-binding protein; JNK, Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; p38MAPK, p38-MAPK; MKK, MAP-kinase.
